Abstract Dietary fatty acids, particularly arachidonic acid (ARA), affect cortisol and may influence the expression of genes involved in stress response in fish. The involvement of ARA on stress, lipid, and eicosanoid metabolism genes, in Senegalese sole, was tested. Post-larvae were fed Artemia presenting graded ARA levels (0.1, 0.4, 0.8, 1.7, and 2.3 %, dry matter basis), from 22 to 35 days after hatch. Whole-body cortisol levels were determined, before and 3 h after a 2 min air exposure, as well as the expression of phospholipase A 2 (PLA 2 ), cyclooxygenase-2 (COX-2), steroidogenic acute regulatory protein (StAR), glucocorticoid receptors (GRs), phosphoenolpyruvate carboxykinase (PEPCK), and peroxisome proliferator-activated receptor alpha (PPARa). Relative growth rate (6.0-7.8 % day -1 ) and survival at the end of the experiment (91-96 %) and after stress (100 %) were unaffected. Fish reflected dietary ARA content and post-stress cortisol increased with ARA supply up to 1.7 %, whereas 2.3 % ARA seemed to enhance basal cortisol slightly and alter the response to stress. Results suggested that elevating StAR transcription might not be necessary for a short-term response to acute stress. Basal cortisol and PLA 2 expression were strongly correlated, indicating a potential role for this enzyme in steroidogenesis. Under basal conditions, larval ARA was associated with GR1 expression, whereas the glucocorticoid responsive gene PEPCK was strongly related with cortisol but not GR1 mRNA levels, suggesting the latter might not reflect the amount of GR1 protein in sole. Furthermore, a possible role for PPARa in the expression of PEPCK following acute stress is proposed.
Introduction
Senegalese sole (Solea senegalensis Kaup, 1858) is a marine flatfish of high economic interest in Southern European countries, living on coastal waters and commonly found in estuaries. Farming of this species includes a period of feeding on live prey during early life, and weaning still represents a major bottleneck in sole production (Conceição et al. 2007 ). Gradual replacement of live feed with frozen Artemia nauplii is a common procedure during metamorphosis. Due to the nutritional value of long-chain polyunsaturated fatty acids (LC-PUFA) for growth and development in marine fish nutrition, it is a generalised practice to enrich live feed, especially with lipids.
Lipids have long been recognised for their importance as energy substrates and main constituents of cell membranes, affecting growth and development in fish (Tocher 2003) . More recently, the potential for dietary fatty acids or their metabolites to signal gene expression, by interacting with nuclear receptors and transcription factors (Jump and Clarke 1999) , has gained attention in fish research, mostly regarding the regulation of lipid metabolism genes (Vagner and Santigosa 2011) . Diet-induced changes on fish fatty acid profiles may alter membrane fluidity, permeability, and function of bound enzymes (Bell et al. 1986) , and impact on various physiological aspects such as stress resistance (Weirich and Reigh 2001; McKenzie 2005) .
The physiological stress response in fish has been the subject of various reviews (Wendelaar Bonga 1997; Mommsen et al. 1999; Aluru and Vijayan 2009) , and the ability to cope with stress is currently regarded as a good indicator of fitness in farmed fish, along with growth performance, survival and absence of pathologies. The hypothalamus-pituitary-interrenal (HPI) axis controls the production of cortisol, which is the primary glucocorticoid in fish, and is central in the response to stress, osmoregulation, and energy metabolism. Dietary arachidonic acid (ARA) has been linked to alterations in basal cortisol levels and/or its response to stress in various species during the larval stages (Harel et al. 2001; Koven et al. 2003; Van Anholt et al. 2004; Lund and Steenfeldt 2011) . Whereas the mechanisms underlying the effects of dietary lipids on cortisol in fish are not defined, the involvement of fatty acids, as precursors of eicosanoids, participating in cell signalling, is often hypothesised, though few studies have explored these relations (Wales 1988; Ganga et al. 2006 Ganga et al. , 2011 Oxley et al. 2010) . Cortisol is a generally accepted measure of the stress status in fish although it is in fact only part of the primary stress response. The basic physiological function of cortisol in response to stress is to redistribute energy and regulate osmotic balance, thus facilitating coping and adaptation (Wendelaar Bonga 1997) . Besides, cortisol can affect the functions of the cardiovascular, respiratory, and immune systems (Mommsen et al. 1999) . However, it is generally recognised that not all cortisol measured is biologically active. According to the ''free hormone hypothesis'', only the free cortisol fraction, which is rarely determined in fish research (Barry et al. 2001; Hosoya et al. 2007 Hosoya et al. , 2008 Fast et al. 2008; Hori et al. 2012a, b) , is actually bioavailable (Brien 1980; Andersen 2002) .
Dietary lipids are paramount in assuring an adequate supply of fatty acids as fuel required to cope with stressful events, but the involvement of certain LC-PUFA on stress resistance in fish, though known for several decades, has not been fully clarified. Exploring the potential of essential fatty acids to modulate genes involved in stress coping can provide important clues as to the interactions between these nutrients (or their derived metabolites) and the main steps of the stress response. In a previous study with gilthead seabream larvae, adaptation to increasing dietary amounts of ARA involved the down-regulation of genes known to be involved in stress response-such as steroidogenic acute regulatory protein (StAR), glucocorticoid receptor 1 (GR1), phosphoenolpyruvate carboxykinase (PEPCK), hormone-sensitive lipase, phospholipase A 2 (PLA 2 ), and cycloxygenase-2 (COX-2)-without apparent effects on basal cortisol levels (Alves Martins et al. 2011b ). On the other hand, the dietary ratio between ARA and eicosapentaenoic acid (EPA) can affect basal cortisol as well as its response following air exposure in Senegalese sole post-larvae (Alves Martins et al. 2011a) . Chronically elevated cortisol can decrease growth through either lowered feeding activity and/or energy deviation from the growth process, as well as compromise immunocompetence in the long term (Barton and Iwama 1991; Mommsen et al. 1999) . A recent study in Senegalese sole post-larvae has proved the negative effects of long-term exposure to elevated glucocorticoids (dexamethasone) on both growth and health status (Salas-Leiton et al. 2012) . Several reports in Senegalese sole have noted particularly low requirements for LC-PUFA at the post-larval stage (Villalta et al. 2005a (Villalta et al. , b, 2008a Dâmaso-Rodrigues et al. 2010) . Hence, the general assumption that excess supply of fatty acids is directed for metabolism could indicate Senegalese sole as a good candidate species to study the effects of ARA on cortisol production and stress response, lipid and eicosanoid metabolism genes.
The StAR protein is believed to play a main role as mediator of the rate-limiting step in the acute production of steroids, including cortisol: the transport of cholesterol across the inner mitochondrial membrane. In mammals, the role of ARA and its derived eicosanoids in steroidogenesis and StAR regulation has been explored in detail (Wang et al. 2003a (Wang et al. , b, 2006 . However, in fish, up-regulation of StAR may not always be associated with a transient increase in cortisol (Castillo et al. 2008; Nematollahi et al. 2009 ), which may depend rather on existing pools of inactive mRNA or protein (Geslin and Auperin 2004; Nematollahi et al. 2009 ). Phospholipase A 2 (PLA 2 ) is mostly responsible for catalysing the release of ARA from phospholipids in cell membranes and has been implicated as an essential step for the expression of StAR and synthesis of steroid hormones (Wang et al. 2000; Stocco et al. 2005) . In fact, in mammals, cPLA 2 can be dose-dependently stimulated by ARA (Hughes-Fulford et al. 2005; Yoshida et al. 2007 ) as this fatty acid and its eicosanoids increase intracellular calcium which, in turn, facilitates translocation of the enzyme to cell membranes (Schievella et al. 1995; Striggow and Ehrlich 1997; Meves 2008) .
Glucocorticoid receptors determine the actual genomic effects of cortisol. In the cytoplasm, cortisol activates GRs, which translocate to the nucleus to modulate the transcription of glucocorticoid responsive genes, such as PEPCK, as reported in fish Aluru and Vijayan 2007) . Two GR isoforms have been identified in Senegalese sole post-larvae (Salas-Leiton et al. 2012) . In that study, dexamethasone, a powerful synthetic glucocorticoid that mimics cortisol, did not elicit transcriptional changes on GR1 and GR2 following short-or longterm exposure, despite several reports that GR transcription can be regulated by cortisol in fish Vijayan et al. 2003) . To our knowledge, the potential of dietary ARA supply to affect GR transcription in fish has only been examined in seabream larvae (Alves Martins et al. 2011b ). Indeed, several transcription factors for GRs (e.g. nuclear factor-jB and activator protein 1) may be sensitive to signalling by fatty acids or peroxisome proliferator-activated receptors (PPARs), as reported in mammals (Yudt and Cidlowski 2002; Jia and Turek 2005) . In addition, GR protein binding to cortisol has been reported to be inversely proportional to the abundance of certain unsaturated fatty acids, including ARA in fish (Lee and Struve 1992) and mammals (Junzo et al. 1987; Kato 1989) .
Fatty acids, such as ARA, and eicosanoids are main ligands for PPARa, which affects the expression of various genes in response to the nutritional status of animals (Lin et al. 1999) . The mobilisation of energy substrates in feed-deprived Senegalese sole has in fact been associated with high levels of cortisol (Costas et al. 2011a ). Besides, PPARa may be strongly correlated with genes involved in stress coping such as StAR, GRs, and PEPCK (Cassuto et al. 1999; Yudt and Cidlowski 2002; Pavlikova et al. 2010) . Indeed, transcription of PEPCK, which catalyses the limiting step of gluconeogenesis, responds not only to dietary conditions but is also central in the secondary response to stress by adapting to cortisol signalling.
The objective of this experiment was to study the effects of graded dietary ARA on cortisol and corresponding changes in the expression of genes involved in stress response and lipid metabolism, before and 3 h after acute stress exposure, in Senegalese sole post-larvae. It was intended to verify to what extent dietary ARA levels can affect cell signalling, including pathways involved in energy homoeostasis which could ultimately affect growth, survival, and stress-coping ability. Fish Physiol Biochem (2013) 
Experimental diets
Five Artemia enrichment emulsions were formulated to contain ARA levels ranging from 0 to 9 % of total fatty acids (Table 1) . Enrichments were performed in a single dose, at a density of about 250 metanauplii mL
, at 28°C, during 16 h. The Artemia metanauplii (Selco, INVE Aquaculture NV) were enriched in a single batch per dietary treatment and kept frozen at -20°C until required during the experimental period. Samples from each diet were analysed for lipid content and fatty acid profiles. Each diet was tested in duplicate.
Sampling
Average dry weight and total length were assessed initially (10 fish per tank) and at the end of the experiment (20 larvae per tank). Effects of graded dietary ARA levels on survival (direct counting of all individuals), whole-body fatty acid composition (20 post-larvae per tank), basal cortisol (15 fish per tank), and gene expression (10 fish per tank) were assessed at the end of the experiment. Thirty fish from each tank were submitted to an acute stress consisting of a 2-min air exposure, and survival was determined 3 h later. Samples for the measurement of whole-body cortisol levels (15 larvae per tank) and gene expression (10 fish per tank) were collected also at 3 h after the acute stress. Post-larvae were anaesthetised with an overdose of 2-phenoxyethanol and washed with distilled water before storage or measurements, except for those fish used for gene expression studies. Samples destined for lipid and cortisol analyses were stored at -80°C and those directed for gene expression were preserved in Ambion Ò RNAlater Ò at 4°C during 24 h and then at -20°C till RNA extraction.
Analytical procedures
Survival was determined at 35 DAH, by counting the post-larvae remaining in the tanks and correcting for sampled individuals. Post-larvae total length was measured using a ruler, and dry weight determined individually in a Sartorius Supermicro S4 scale (Sartorius AG, Göttingen, Germany), after freezedrying the samples (Savant RVT 400, Farmingdale, NY, USA). Total lipids from Artemia and post-larvae were extracted using an adapted Bligh and Dyer (1959) method, as detailed previously (Alves Martins et al. 2011a) . Fatty acid profiles were determined according to Lepage and Roy (1986) , using a Varian Star 3800 CP gas chromatograph (Walnut Creek, CA), equipped with an auto-sampler and fitted with a flame ionisation detector, at 250°C. Fatty acid separation was conducted in a DB-WAX polyethylene glycol capillary column, 30 m length, 0.25 mm i.d., and 0.25 mm film thickness from J and W Scientific (Folsom, CA, USA). The column temperature programme was the following: 180°C for 5 min, heating at 4°C min -1 for 10 min, holding at 220°C for 25 min. The injector (split ratio 100:1) and detector temperature was maintained at 250°C during the analysis. Fatty acids were identified by direct comparison of sampled peaks with retention times of a standard (''PUFA3'', SigmaAldrich, USA) and quantified by means of a response factor to an internal standard (21:0), used at 5 mL mg -1 sample. Whole-body cortisol levels were assessed with a commercial ELISA kit (Neogen Corporation, Lexington, KY, USA) on pooled post-larvae samples of about 80 mg per tank (wet weight), according to methodology published previously (Alves Martins et al. 2011a) .
For qPCR total RNA was prepared from S. senegalensis individual larvae, using the RNeasy Plus Mini Kit (Qiagen). In all molecular biology techniques used, the manufacturer's protocol was followed except when specified. Briefly, the sample was homogenised in a volume of RLT Plus buffer with b-mercaptoethanol 1 % v/v (Sigma) according to each larvae weight using an Ultra-Turrax Ò T8 (IKA Ò -Werke). Columns were loaded with the maximum allowed volume and the remaining was stored at -80°C for later use if necessary. Genomic DNA was eliminated with gDNA Eliminator spin columns (Qiagen). RNA quality was checked in a Bioanalyzer 2100 and with the RNA 6000 Nano kit (Agilent Technologies), whereas RNA quantity was measured spectrophotometrically, at 260 nm, with the BioPhotometer Plus (Eppendorf). All the samples had an RNA Integrity Number (RIN) higher than 9.8. Total RNA (500 ng) was reverse transcribed in a 20 lL reaction using the qScript TM cDNA synthesis kit (Quanta Bioscience). Primers for the studied genes (Table 2) were designed using the Primer3 software (available in http:// frodo.wi.mit.edu/) and ordered HPLC purified at Biomers.net, following searches on nucleotide and EST GenBank databases. Senegalese sole-specific primers were designed from available mRNA sequences for StAR, GR1, and GR2. On the other hand, mRNA sequences for PLA 2 , COX-2, and PEPCK primers were obtained using BLAST to identify homologies between known sequences from other species and the Solea senegalensis EST database. A second BLAST was then used between the identified EST sequences against the nucleotide database for further confirmation of their identity. PPARa was cloned for the purpose of this research as indicated below. To optimise the qPCR conditions, several primer concentrations (100, 200 and 400 nM) and temperature gradients (from 55 to 60°C) were used. The amount of cDNA per reaction was established at 10 ng after a priori optimisation tests, considering the efficiency of the amplification process and the regression fit to six serial tenfold dilutions of the cDNA, from 10 ng to 100 fg of input RNA (b-actin: E = 1.02, r 2 = 0.998; COX-2: E = 0.94, r 2 = 0.995; GR1: E = 1.04, r 2 = 0.997; GR2: E = 0.98, r 2 = 0.999; PEPCK: E = 0.99, r 2 = 1.00; PLA 2 : E = 0.87, r 2 = 0.998; PPARa: E = 0.84, r 2 = 0.997; StAR: E = 0.89, r 2 = 0.991). QPCR was carried out with Fluorescent Quantitative Detection System (Eppendorf Mastercycler ep realplex 2 S). Each reaction mixture (10 lL) contained 0.5 lL at 200 nM of each specific forward and reverse primers, and 5 lL of PerfeCTa SYBR Ò Green FastMix TM (Quanta Biosciences). Reactions were conducted in semi-skirted twin.tec real-time PCR plates 96 (Eppendorf) covered with adhesive Masterclear real-time PCR Film (Eppendorf). The PCR profile was as follows: 95°C, 10 min; [95°C, 30 s; 60°C, 45 s] 9 40 cycles; melting curve [60-95°C, 20 min], 95°C, 15 s. The melting curve was used to ensure that a single product was amplified and to check for the absence of primer-dimer artefacts. Results were normalised to b-actin owing its low variability (less than 1 C T ) under our experimental conditions. Relative gene quantification was performed using the DDC T method (Livak and Schmittgen 2001) . Fish Physiol Biochem (2013 ) 39:1223 -1238 1227 For cloning of PPARa, two sets of nested degenerate oligonucleotides were designed according to the most highly conserved cDNA sequences between different species (Dentex dentex, GenBank acc. no. EF470300; Dicentrarchus labrax, GenBank acc. no. AY590300; Rachycentron canadum, GenBank acc. no. EF680883; and Sparus aurata, GenBank acc. no. AY590299). Primers were synthesised by Biomers.net, and nucleotide sequences were as follows: ssPPARa-F1, GGTTTCTTCAGGAGGACCAT; ssPPARa-R1, YGTCTTGATTTCCTGCACCA; ssPPARa-F2, CGCAACAAGTGCCAGTACTG; and ssPPARa-R2, AGGTCRGCCAGTTTCTGCA. Total RNA was prepared from two S. senegalensis individual larvae as explained above and 1.5 lg was reverse transcribed in a 20 lL reaction using SuperScript TM III First-Strand Synthesis System for RT-PCR (Invitrogen TM , LifeTechnologies). Oligo dT was used for the reverse transcriptase reaction. PCR amplifications were carried out with 1 U Platinum Ò Taq DNA Polymerase (Invitrogen TM , Life Technologies) with the first-strand cDNA (corresponding to 7.5 ng of input total RNA) in a total volume of 20 lL. Samples were cycled at 94°C for 1 min for polymerase activation, followed by 35 cycles at 94°C for 30 s for DNA denaturation, at 50°C for 30 s for primer annealing, and 72°C for 1.5 min for primer extension, and a final extension at 72°C for 10 min, in a Mastercycler Ò proS vapo.protect (Eppendorf). PCR products were identified in a 1 % agarose gel electrophoresis stained with GelRed (Biotium) and ligated with the TOPO TA Cloning Ò Kit for sequencing (Invitrogen TM , Life Technologies) into the pCR Ò 4 TOPO Ò vector. Three clones were sequenced in both strands by the dideoxy method using M13 Forward (-20) and M13 Reverse primers at a Biotechnology company (Newbiotechnic), and sequence was confirmed by homology of the PCR products to peroxisome proliferator-activated receptor alpha.
Statistical analysis
Growth was determined at the end of the experiment and is presented as relative growth rate (RGR) according to the equation: (e.g. -1) 9 100, with g = (ln final weight-ln initial weight)/time (Ricker 1958) . Statistical analyses were performed by one-way ANOVA using diet as the independent variable, and significant differences considered when P \ 0.05. Tukey's test was conducted to identify differences between means. Besides, paired sample t tests were conducted regarding cortisol and gene expression data in order to identify differences between pre-and post-stress values. Pearson's coefficients were used to explore correlations among data including fish fatty acids, gene expression, and cortisol levels. Statistical treatment of data was conducted using the SPSS 16.0 software package.
Results

Analysis of the total fatty acid composition of enriched
Artemia showed values between 155 and 215 mg of total fatty acids per g -1 dry matter of diet (Table 3 ). The increase in arachidonic acid, from 0.1 to 2.3 % of the diet, was reflected in total n-6 PUFA levels and lowered the dietary ratio n-3 PUFA:n-6 PUFA from 5.2 to 1.6. Slightly higher eicosapentaenoic and docosahexaenoic acid levels were present in ARA1.7 and Survival was high at the end of the experiment (91-96 %) and relative growth rates were between 6.0 and 7.8 % day -1 (Table 4) . Despite the absence of statistical differences for RGR, final weight was slightly but significantly lower in groups fed 0.4 % ARA as compared to groups offered the 0.1 and 1.7 % ARA diets.
Whole-body fatty acid content was lowest in ARA1.7 and ARA2.3 fed fish (Table 5 ). In terms of percentage of total fatty acids, arachidonic acid increased significantly at each one of the dietary levels tested, from 0.9 to 11.7 %. The ratio of n-3 PUFA:n-6 PUFA decreased with the rise in ARA abundance in the larvae. Other long-chain PUFAs (DHA and EPA) were maintained at relatively similar levels between experimental groups; therefore, whereas the ratio DHA:EPA was kept alike between groups, EPA:ARA ratio was lowered to levels below 1 in post-larvae fed diets containing ARA levels of 0.4 % and above.
Whole-body cortisol levels were characterised by large variability and no statistical differences were detected between pre-and post-stress levels, within experimental groups (P [ 0.05), despite the increase in average values following acute stress, particularly in ARA0.8 and ARA1.7 fish (Fig. 1) . The effect of diet on cortisol levels post-stress was marginally significant (P = 0.06), with a trend for higher levels being detected with dietary ARA increase up to 1.7 % and decreasing again at 2.3 %. Post-stress measurements in ARA0.8 and ARA1.7 groups were particularly variable, whereas fish fed ARA2.3 showed high variability under basal conditions. It would seem that 2.3 % dietary ARA might have enhanced basal cortisol and changed the pattern of response to acute stress, with no increase following air exposure. The available data were insufficient to evaluate whether the cortisol response to acute stress had been impaired in this experimental group. Survival at 3 h after stress was 100 % in all groups.
Results regarding whole-body gene expression are presented in Fig. 2 . Basal levels of PLA 2 expression were highest in the ARA2.3 groups, though not significantly (P = 0.07), and highly correlated with both basal cortisol (Pearson r, 0.941; F, 0.017) and PEPCK mRNA levels prior to stress (Pearson r, 0.936; F, 0.019). On the other hand, post-stress PLA 2 expression was inversely correlated with fish ARA content (Pearson r, -0.901; F, 0.037). Besides, contrary to the trend observed with other diets, PLA 2 expression was lowered, though not significantly, at 3 h post-stress, in ARA2.3 fish, relative to pre-stress measurements. On the other hand, dietary treatments did not seem to alter the transcription of the COX-2 gene. Differences in the expression of PPARa gene were small between groups but mRNA levels were highest in the ARA2.3 fed group after stress (P = 0.01).
The expression of the StAR gene was reduced at 3 h in ARA1.7 fed fish relative to basal levels, whereas differences were not statistically significant for other dietary treatments. Despite the significantly higher transcript abundance found in the ARA1.7 group prior to stress (P = 0.04), results were very similar to data from the other experimental groups. Likewise, GR1 expression at 3 h post-stress was apparently reduced compared to pre-stress levels, though differences were significant in ARA0.8 fed fish, only. Besides, whereas the basal expression increased slightly, in strong association with larval ARA (Pearson r, 0.953; F, 0.012), GR1 transcripts at 3 h were kept identical among experimental groups. Expression of the GR2 gene did not change significantly with diet, before or after stress.
Basal PEPCK expression was positively associated with pre-stress cortisol (Pearson r, 0.995; F, 0.000), being slightly higher in ARA2.3 fed fish, albeit nonsignificantly (P = 0.08). At 3 h post-stress, the expression of this gene and that of PPARa were significantly correlated (Pearson r, 0.881; F, 0.048), and PEPCK mRNA was highest in the groups fed the ARA2.3 diet (P = 0.02).
Discussion
Results regarding growth performance corroborated those reported previously where it appears that requirements for LC-PUFA in this species during the post-larval life stage are relatively low (Villalta et al. 2005a (Villalta et al. , b, 2008a Dâmaso-Rodrigues et al. 2010) . Together with the outcome from a previous Fish Physiol Biochem (2013) 39:1223-1238 1229 experiment showing that ARA:EPA ratios affected stress response (Alves Martins et al. 2011a) , existent data indicated Senegalese sole as a good candidate to explore the potential of ARA in the modulation of genes involved in this process. This was based on the assumption that excessive dietary supply relative to requirements could lead to increased abundance of the free form of this fatty acid intracellularly and therefore highlight aspects of the stress response potentially affected by ARA. Values are mean ± SD. RGR, relative growth rate. Different letters mean significant differences were found between treatment groups (P \ 0.05). Absence of letters means no statistical differences
The cortisol response to acute stress in Senegalese sole post-larvae was affected by dietary ARA, as expected based on earlier results (Alves Martins et al. 2011a) , increasing with dietary ARA supply up to 1.7 %, possibly due to its role as eicosanoid precursor in steroidogenesis (Wales 1988; Ganga et al. 2006; Oxley et al. 2010; Ganga et al. 2011) . In a previous study, a high dietary ARA:EPA ratio (3.0) was shown to elevate cortisol significantly, at 3 h post air exposure, relative to a lower ratio diet (0.7) (Alves Martins et al. 2011a ). In the present study, this ratio was kept lower, between 0.1 (ARA0.1 diet) and 1.9 (ARA2.3 diet); nevertheless, cortisol levels at 3 h, in response to a similar stressor, were highest (though not significantly) with the ARA1.7 diet presenting an ARA:EPA ratio of 1.5. Comparisons between nutrition studies using live feeds are challenging due to limitations imposed by the process of Artemia enrichment, which is often difficult to replicate. Basic differences in the design of these two experiments relate to the fact that, whereas in the first study, ARA was kept similar between diets (0.7 % DM) and EPA levels varied (0.2 and 1.1 % DM), in the present experiment, EPA content was more stable (0.7-1.2 % DM) while ARA supply ranged from 0.1 to 2.3 % of the diet. Therefore, although the maximum ARA:EPA ratio tested now was lower compared to the previous experiment (1.9 vs. 3.0), the maximum amount of ARA tested was much higher (2.3 vs. 0.7 % DM).
Besides ARA, effects of other fatty acids, which vary between diets and studies, must not be disregarded as potential signalling molecules in the process of cortisol synthesis (e.g., as eicosanoid precursors or ligands affecting gene transcription). Indeed, not only are the ratios between LC-PUFA (ARA, EPA, DHA) central to the function of cellular membranes and in cellular signalling; as other less studied fatty acids (i.e. C18 fatty acids) may be involved in similar processes (Tocher 2003; Clarke 2004; McKenzie 2005) . Despite the obvious restrictions for the direct comparison between experiments, the assumption that dietary fatty acid supply affects cortisol response to acute stress in Senegalese sole post-larvae was confirmed. It may be premature to assign such differences to the physiological effects of ARA alone. Still, we believe other changes observed in larval fatty acid profiles may be considered as minor. Large inter-individual variation in cortisol response to both chronic Costas et al. 2008; Aragão et al. 2010 ) and acute stress (Costas et al. 2011b; Alves Martins et al. 2011a) , as suggested by present results, seems to characterise Senegalese sole, and the existence of coping styles to deal with environmental and social stress has been identified in juveniles (Silva et al. 2010 ). Present results suggested that genes expected to respond to cortisol signalling (e.g. PEPCK, GRs, StAR), at 3 h after acute stress, showed generally small alterations which may not correspond with the changes noted in the level of this stress hormone between groups, at least at this sampling time. Whether cortisol binding in the plasma could have limited its bioavailability causing an apparent resistance at the level of gene expression is unknown. Notwithstanding, we do acknowledge that changes in the expression of genes in response to cortisol signalling may take longer to develop following a stress event.
An increase in cortisol, especially a high increase, is generally thought to be associated with up-regulation of the StAR gene. It seems that, in Senegalese sole, the abundance of StAR mRNA tends to decrease following acute stress, likely due to increased translation into protein. Despite the statistical significance determined regarding basal measurements, differences between dietary groups were small, and it seems unlikely that the rise in cortisol after stress would have been influenced by the occurrence of differences in StAR transcription prior to 3 h post-stress. Also, StAR mRNA abundance prior to stress did not appear to explain the slightly higher basal cortisol levels in ARA2.3 fish as compared to other groups. Overall, cortisol responses suggested that StAR did not appear to be a limiting factor in steroidogenesis. Therefore, it is possible that in a short-term response to acute stress in Senegalese sole, as previously suggested in common carp and seabream, higher StAR transcription may not be necessary to produce high cortisol levels which may derive from an available pool of inactive StAR mRNA and/or protein (Geslin and Auperin 2004; Castillo et al. 2008; Nematollahi et al. 2009 ). Present results implied that, despite the role of StAR as a limiting step in steroidogenesis, other factors influenced by dietary lipid caused major impacts on cortisol synthesis.
The role of ARA in the process of cortisol synthesis in vertebrates, including fish, has been often suggested through its role as a precursor of eicosanoids implicated in the synthesis of this hormone (e.g. Wales 1988; Koven et al. 2003; Stocco et al. 2005; Ganga et al. 2006; Van Anholt et al. 2012) although the exact mechanisms involved are currently speculative. The importance of PLA 2 for the synthesis of steroid hormones has been reported in mammals (Wang et al. 2000; Stocco et al. 2005) , and a strong positive correlation was in fact identified in this study between basal cortisol and PLA 2 expression. Whether the trend for increased basal PLA 2 expression in soles fed the Fig. 1 Whole-body cortisol levels in Senegalese sole postlarvae fed graded ARA levels before and 3 h after an air exposure stress (2 min). Values are mean ± SE. Absence of letters means no significant differences between diets within a given sampling time (P [ 0.05). P values for basal and 3 h cortisol levels were 0.35 and 0.06, respectively. Absence of asterisks indicates no significant differences between pre-and post-stress levels (P [ 0.05) Fig. 2 Whole-body expression of genes in Senegalese sole post-larvae fed diets containing graded ARA levels, before and 3 h after an air exposure stress (2 min). Results relative to: phospholipase A 2 , PLA 2 ; cyclooxygenase-2, COX-2; peroxisome proliferator-activated receptor alpha, PPARa; steroidogenic acute regulatory protein, StAR; glucocorticoid receptor 1, GR1; glucocorticoid receptor 2, GR2; phosphoenolpyruvate carboxykinase, PEPCK. Values are mean ± SE. Different letters mean statistical differences between treatments within a given sampling time (P \ 0.05). Asterisks indicate significant differences between pre-and post-stress expression levels (P \ 0.05) Fish Physiol Biochem (2013 ) 39:1223 -1238 1233 highest ARA diet (not statistically significant) could have been stimulated by ARA abundance (HughesFulford et al. 2005; Yoshida et al. 2007) , and contributed for the relatively elevated cortisol values found under basal conditions, remains to be confirmed. According to this hypothesis, lower activity of the PLA 2 enzyme following stress could partially explain the apparent lack of cortisol response in ARA2.3 groups, although this requires confirmation. Despite the non-significant down-regulation of PLA 2 in the present experiment, results suggested that the pattern of response to stress of this gene might be inverted in fish fed high ARA diets. The molecular effects of cortisol are mediated by glucocorticoid receptors located in the cytoplasm of cells. Increased GR1 basal transcription accompanied larval ARA content, which indicates that the GR1 gene responded positively to ARA supply. On the other hand, in a previous study with seabream larvae, dietary ARA up to 3 % of the diet was found to be negatively associated with GR gene expression, whereas basal cortisol levels were not affected (Alves Martins et al. 2011b ). Due to growth performance results and similar basal cortisol between groups, seabream larvae were considered to adapt successfully to the tested diets by down-regulating various genes involved in stress response as ARA increased. Such may not be the case in sole post-larvae fed high ARA, which might have elevated cortisol chronically when fed the ARA2.3 diet although data variability does not allow for definitive conclusions to be drawn. It is conceivable that the cortisol response to acute stress was very limited in those fish already presenting chronic cortisol elevation since this can inhibit the HPI axis through a negative feedback loop (Mommsen et al. 1999) . Ideally, using further sampling points could clarify whether the cortisol response had been impaired or delayed relative to other groups. In principle, GR signalling could imply shifting the metabolic status of fish, causing higher catabolic activity, as supported by increased transcription of PEPCK, a glucocorticoid responsive gene. Nonetheless, no relevant effects of the diet on growth performance and survival were found.
Up-regulation of the GR gene has been associated with chronically elevated basal cortisol in Mozambique tilapia and rainbow trout Takahashi et al. 2006) , although it seems in fish that GR protein levels or their affinity may be actually lowered in response to high cortisol (Maule and Schreck 1991; Shrimpton and Randall 1994; Shrimpton and Mccormick 1999; Sathiyaa and Vijayan 2003; Vijayan et al. 2003) . However, the present results suggested that basal GR1 gene expression was not related with basal cortisol (Pearson r, 0.379; F, 0.529), in line with results reported by Salas-Leiton et al. (2012) who showed no effects of short-or long-term dexamethasone exposure on GR1 and GR2 transcription, in post-larval Senegalese sole. Furthermore, despite the slight increase in basal GR1 mRNA (associated to larval ARA), signalling of PEPCK seemed to be practically unaffected before stress, suggesting that the transcriptional activity of the GR1 protein under basal conditions may not correspond with the availability of the GR1 transcript.
At 3 h after stress, GR1 expression tended to be lower than pre-stress and showed identical levels between groups. Reduced GR transcription has been reported following acute cortisol injection in tilapia and rainbow trout (Takahashi et al. 2006; Johansen et al. 2011) , as well as in mammals (Rosewicz et al. 1988) . Despite elevated cortisol in fish fed ARA1.7, present results denoted a lack of effect of this hormone on post-stress GR1, at least at the transcriptional level at 3 h. On the other hand, as a glucocorticoid responsive gene mediated by GR signalling, PEPCK results at 3 h would suggest that GR activity was in fact higher in ARA2.3 fed fish. An adequate assessment of the role played by GR1 on PEPCK transcription would require measuring of protein activity. Moreover, future studies should explore the potential of unesterified ARA and other unsaturated fatty acids to affect the binding of GRs by cortisol and thus the expression of glucocorticoid responsive genes. Such interactions have been reported in mammalian studies (Junzo et al. 1987; Kato 1989; Ranhotra and Sharma 2004) and at least in one in vitro study in rainbow trout liver (Lee and Struve 1992) .
PEPCK catalyses the limiting step of gluconeogenesis, which is involved in the process of glucose mobilisation following stress. Free fatty acids and amino acids are also released into the bloodstream and it is usually thought that higher cortisol levels respond to increasing energy demand during the stress-coping process. Naturally, the nutritional status of the fish affects its capacity to cope. In face of a similar stressor, and despite the lack of statistical significance, data showed that Senegalese sole post-larvae responded quite differently in terms of cortisol depending on the diet. Dietary effects on gene expression were mainly discussed based on ARA signalling though the possibility that the lower fatty acid content in fish fed ARA1.7 and ARA2.3 diets (total FAMEs) may have contributed partially for the outcome of the experiment should not be disregarded. In terms of absolute amounts (mg fatty acids/g fish), saturates and monounsaturates, which are preferentially metabolised in relation to polyunsaturates, were markedly lowered in fish fed the highest ARA diets. The extent to which cortisol levels may have been affected by the availability of energy substrates in the current study is unknown but should be considered in designing future experiments, particularly when using enriched live prey as feed.
The PPARs serve as sensors to the nutritional status of animals adapting the expression of several genes according to physiological requirements. PPARs, which bind fatty acids and their derivatives, can modulate genes involved in energy homoeostasis and stress response, including StAR (Kowalewski et al. 2009; Pavlikova et al. 2010) and PEPCK (Cassuto et al. 1999; Duplus and Forest 2002) . In the particular case of PPARa, ARA and derived eicosanoids (such as leukotriene B 4 ) are considered main ligands (Lin et al. 1999) . In this study, a strong correlation was found between the expression of PPARa and that of PEPCK after acute stress. This indicates PEPCK as one of the genes likely modulated by this transcription factor also in sole and provides an alternative explanation for the observed increase in PEPCK transcription in the possible absence of post-stress GR signalling.
In summary, this study confirmed the increase in cortisol levels at 3 h post acute stress, as more dietary ARA is fed to Senegalese sole post-larvae (Alves Martins et al. 2011a) , except in groups supplied with the highest ARA level tested (ARA2.3). Results obtained in ARA2.3 fed fish suggested that high ARA supply could lead to chronically elevated cortisol and consequent impairment of a response to acute stress although these results require confirmation due to the high variability presented by this parameter. Abundance of ARA in sole tissues has been directly associated for the first time in this species with basal GR1 transcription. In addition, basal cortisol levels were strongly related with the basal expression of PLA 2 and PEPCK. Finally, following a stress stimulus, results suggested the involvement of PPARa in the genomic modulation of PEPCK, as often reported in mammals.
These results provide some clues as to the value of ARA on cell signalling, particularly on pathways involved in energy homoeostasis which could in the long-term affect growth, immunity, and stress-coping ability in young stages of fish. These aspects are central to the maintenance of welfare in fish farmed under intensive conditions, especially within the current scenario involving the replacement of fish oil by alternative (vegetable) oils in aquaculture diets which requires supplementation with adequate amounts of essential fatty acids. The present results may also be of value for the design of future studies on the effects of lipid nutrition in fish stress physiology.
